MetR, a LysR-type transcriptional regulator (LTTR), has been extensively studied owing to its role in the control of methionine biosynthesis in proteobacteria. A MetR homodimer binds to a 24-base-pair operator region of the met genes and specifically recognizes the interrupted palindromic sequence 5 0 -TGAA-N 5 -TTCA-3 0 . Mechanistic details underlying the interaction of MetR with its target DNA at the molecular level remain unknown. In this work, the crystal structure of the DNA-binding domain (DBD) of MetR was determined at 2.16 Å resolution. MetR-DBD adopts a winged-helix-turn-helix (wHTH) motif and shares significant fold similarity with the DBD of the LTTR protein BenM. Furthermore, a data-driven macromolecular-docking strategy was used to model the structure of MetR-DBD bound to DNA, which revealed that a bent conformation of DNA is required for the recognition helix 3 and the wing loop of the wHTH motif to interact with the major and minor grooves, respectively. Comparison of the MetR-DBD-DNA complex with the crystal structures of other LTTR-DBD-DNA complexes revealed residues that may confer operator-sequence binding specificity for MetR. Taken together, the results show that MetR-DBD uses a combination of direct base-specific interactions and indirect shape recognition of the promoter to regulate the transcription of met genes.
Introduction
Methionine biosynthesis in Escherichia coli has been extensively studied and involves two essential pathways. The first is for homocysteine biosynthesis (catalyzed by the enzymes MetA, MetB and MetC) and the second is for the biosynthesis of N 5 -methyltetrahydrofolate (catalyzed by the enzymes GlyA and MetF); they merge during the transfer of a methyl group from N 5 -methyltetrahydrofolate to homocysteine (catalyzed by either the cobalamin-dependent MetH or the cobalaminindependent MetE), producing methionine (reviewed in Weissbach & Brot, 1991; Ferla & Patrick, 2014) . Intracellular methionine homeostasis is maintained by the tight regulation of the genes encoding enzymes in the methionine metabolic pathway. In Escherichia coli, methionine-metabolism genes are controlled by two specific transcription factors: the S-adenosylmethionine-dependent repressor MetJ and the homocysteine-dependent activator MetR (Ferla & Patrick, 2014; Leyn et al., 2014) .
MetR was first discovered as a transactivator of metE and metH expression , with subsequent investigations showing that it is also a transcriptional regulator of other methionine-biosynthesis genes: metA and metF in Salmonella typhimurium (Mares et al., 1992; Cowan et al., 1993) and glyA in E. coli (Lorenz & Stauffer, 1995) . Expression of the metR gene is negatively regulated by its own gene product MetR and by the repressor MetJ . Interestingly, MetR also regulates the transcription of non-met genes such as hmp, which encodes flavohaemoglobin to protect bacteria from nitric oxide stress (Flatley et al., 2005) , and virulence-associated genes in Pseudomonas aeruginosa (Yeung et al., 2009) and Vibrio cholerae (Bogard et al., 2012) .
The E. coli MetR protein (UniProt ID P0A9F9; M r = 35 629) is a homodimer in solution (Maxon et al., 1990 ) that binds to a 24-base-pair DNA sequence in the operator regions of the met genes, specifically recognizing an 8 bp interrupted palindromic repeat with consensus 5 0 -TGAA-N 5 -TTCA-3 0 Leyn et al., 2014) . Similar MetR binding sites have also been found in the transcription-control regions of the met genes of Salmonella typhimurium (Urbanowski & Stauffer, 1989b; Byerly et al., 1991) . MetR-mediated regulation of metR, metE and metH genes is modulated by the co-inducer homocysteine , 1989a , which increases the affinity of MetR for the target DNA sequence, for example in the transcriptional control regions of the glyA gene of E. coli (Lorenz & Stauffer, 1995) and the metE gene of Streptococcus mutans (Sperandio et al., 2007) .
MetR is a member of the well characterized LysR-type transcriptional regulator (LTTR) protein family, which is one of the largest in prokaryotes (Schell, 1993) . LTTRs are structurally conserved proteins that bind a co-inducer to function either as activators or repressors of gene expression in various biological pathways. A typical LTTR comprises an N-terminal DNA-binding domain (DBD) connected via a linker helix (LH) to a C-terminal effector-binding domain (EBD). The DBD consists of a classical winged-helix-turnhelix (wHTH) motif, while the EBD is structurally similar to periplasmic binding proteins, consisting of two distinct / subdomains linked by two interdomain strands, producing a co-inducer-binding hinge region/cleft between the two / subdomains. LTTRs generally adopt a homo-oligomeric structure to recognize the consensus DNA sequence T-N 11 -A during transcriptional regulation (Schell, 1993; Maddocks & Oyston, 2008) . Several crystal structures of diverse LTTRs have been characterized, including full-length CbnR (Muraoka et al., 2003) , CrgA (Sainsbury et al., 2012) , ArgP (Zhou et al., 2010) , BenM (Ruangprasert et al., 2010) , TsaR (Monferrer et al., 2010) , AphB (Taylor et al., 2012) and OxyR (Jo et al., 2015) , the C-terminal EBDs of BenM (Craven et al., 2009) and the MetR-like NMB2055 (Sainsbury et al., 2012) , and the N-terminal DBD-LH of BenM (Alanazi et al., 2013) . Currently, there is no structure of a full-length LTTR in complex with DNA; however, the crystal structure of the complex between BenM-DBD-LH and DNA (BenM-DBD-LH-DNA) has been solved (Alanazi et al., 2013) .
In this study, we present the crystal structure of the DBD-LH of MetR (residues 1-92) from E. coli. The MetR-DBD-LH structure was solved by a combination of molecular replacement (MR) and Rosetta rebuilding (phenix.mr_rosetta) as implemented in PHENIX (Adams et al., 2010) . Additionally, we have used the BenM-DBD-LH-DNA complex as a refer-ence structure in molecular-docking simulation studies to build a model of the MetR-DBD-LH-DNA complex, giving insight into the recognition of DNA by MetR.
Materials and methods

Protein expression and purification
The MetR-91 plasmid encoding MetR-DBD-LH (Table 1) expression was a gift from Mark L. Urbanowski and Professor George V. Stauffer (Department of Microbiology, University of Iowa, USA). MetR-DBD-LH was recombinantly expressed in E. coli BL21(DE3) pre-transformed with the lac repressor plasmid pMS421. The cells were grown in lysogeny broth (LB) culture medium supplemented with ampicillin (200 mg l À1 ) and spectinomycin (50 mg l À1 ) at 310 K to an OD 600 of $0.6. Expression was induced by adding isopropyl -d-1-thiogalactopyranoside to a final concentration of 1 mM and continued incubation at 310 K for an additional 4 h. Cells were harvested by centrifugation, resuspended in 10 ml buffer A [100 mM Tris-HCl pH 7.4, 100 mM KCl, 2 mM EDTA, 10%(w/v) glycerol, 2 mM DTT] and lysed by sonication on ice. The cell lysate was cleared by centrifugation at 43 000g for 30 min at 277 K. All subsequent purification steps were performed at 277 K. Solid ammonium sulfate was slowly added to the cell lysate to an initial concentration of 25% and stirred for 2 h. The precipitate was removed by centrifugation at 12 000g for 10 min. Additional ammonium sulfate was added to the supernatant to achieve a final saturation of 35% with stirring continued for a further 15 min. The resulting precipitate was pelleted by centrifugation at 12 000g for 10 min. The precipitate was dissolved in 4 ml buffer B [25 mM Tris-acetate pH 6.4, 50 mM KCl, 0.5 mM Mg(CH 3 COO) 2 .4H 2 O, 1 mM DTT] and dialyzed using Spectra/Por dialysis tubing (3500 Da molecular-weight cutoff) against buffer B overnight. The dialyzed protein sample was centrifuged at 12 000g for 10 min, filtered through a 0.2 mm syringe filter and loaded onto a CM-52 cation-exchange column (1 Â 20 cm and 10 ml bed volume) pre-equilibrated with buffer B at a flow rate of 0.3 ml min À1 . The column was washed with buffer B at the same flow rate until the A 280 reached the baseline. MetR-DBD-LH was eluted using four column volumes (40 ml) of buffer B with a linear salt gradient (50-350 mM KCl) and A 280 was continuously monitored. Peak fractions were analyzed on 12% Tricine polyacrylamide gels and pure fractions of MetR-DBD-LH were pooled, dialyzed against the storage buffer (10 mM Tris-HCl pH 7.2, 50 mM KCl, 1 mM MgCl 2 , 10 mM DTT), concentrated to 3 mg ml À1 Table 1 Macromolecule-production information for MetR-DBD-LH. 
Crystallization, data collection and processing
The MetR-DBD-LH crystals were grown by mixing 1 ml protein solution (3 mg ml À1 in 10 mM Tris-HCl pH 7.2, 50 mM KCl, 1 mM MgCl 2 , 10 mM DTT) and 1 ml precipitant solution (50 mM HEPES pH 7.2, 1.2 M ammonium sulfate, 200 mM KCl, 50 mM MgCl 2 ) using sitting-drop vapour diffusion at 298 K. Large crystals (250 Â 100 Â 40 mm) were observed within one week. Flash-cooling of MetR-DBD-LH crystals in the presence of different cryoprotectants (PEG 400, glycerol, ethanediol and saturated xylitol solution) resulted in a large increase in mosaicity and a loss of diffraction. Therefore, single crystals were mounted in glass capillaries and X-ray diffraction data were collected at room temperature at station 7.2 of the Synchrotron Radiation Source at Daresbury Laboratory, England using a MAR Research image-plate detector system. Partial native data sets were collected from multiple crystals. Indexing and integration was performed using XDS (Kabsch, 2010) . POINTLESS (Evans, 2011) was used to confirm the Laue group and XSCALE (Kabsch, 2010) was used to scale and merge the partial data sets. X-ray datacollection and processing statistics are summarized in Table 2 .
Structure solution and refinement
Attempts to solve the structure of MetR-DBD-LH using classical MR were unsuccessful and structure determination required a combination of automated molecular replacement (AutoMR) and Rosetta rebuilding using the phenix.mr_rosetta module (DiMaio et al., 2011; Terwilliger et al., 2012; DiMaio, 2013) as implemented in PHENIX (Adams et al., 2010) . The amino-acid sequence of MetR-DBD-LH (Table 1) was submitted to (i) the HHPred server (Sö ding et al., 2005) for global sequence alignment and (ii) the Robetta fragment server (Kim et al., 2004) . The alignment (.hhr) file from the HHPred server, the 3-mer and 9-mer fragment files from the Robetta fragment server, the X-ray diffraction data set and the MetR-DBD-LH amino-acid sequence file were input into phenix.mr_rosetta. The first model in the alignment file (PDB entry 3fxq; the crystal structure of the LTTR TsaR; Monferrer et al., 2010) was automatically selected as a search model for AutoMR. For each best MR solution, 100 Rosetta models were rebuilt and rescored. The highest scoring Rosetta solutions were processed using phenix.autobuild to produce a new best model for another round of AutoMR and rebuilding using phenix.mr_rosetta. The final best model from phenix. mr_rosetta and the density-modified phases were used for iterative cycles of maximum-likelihood refinement in phenix. refine (Adams et al., 2010) and manual rebuilding in Coot (Emsley et al., 2010) . The final refined model was validated using MolProbity (Chen et al., 2010) . Structure-refinement and validation statistics for MetR-DBD-LH are presented in Table 2 .
Sequence and structure analysis
Multiple sequence alignment was performed using Clustal Omega (Sievers et al., 2011) . PyMOL (Schrö dinger) and CCP4mg (McNicholas et al., 2011) were used for structure analysis and for producing figures. APBS (Baker et al., 2001) and PDB2PQR (Dolinsky et al., 2007) in PyMOL were used to calculate the surface electrostatic potential map. Cealign in PyMOL and the POSA server (Li et al., 2014) were used for structure alignment and to calculate the root-mean-square deviation (r.m.s.d.). jF obs j À jF calc j = P hkl jF obs j. § R free is calculated for 10% of the total reflections that were randomly chosen and excluded from all refinement cycles.
Modelling of the MetR-DBD-LH-DNA complex
Modelling of the MetR-DBD-LH-DNA complex was performed with the HADDOCK 2.2 webserver (Dominguez et al., 2003; de Vries et al., 2010; Wassenaar et al., 2012) . A prebent B-form DNA fragment containing the MetR DNAbinding site (Table 3 ) was built using the DNA coordinates from the crystal structure of the BenM-DBD-LH-DNA complex (PDB entry 4iht; Alanazi et al., 2013) as a reference in 3D-DART (van Dijk & Bonvin, 2009 ). The coordinate files of a MetR-DBD-LH dimer and the pre-bent MetR binding-site DNA were used as the starting structures for docking simulations (docking parameters are described in Table 3) . HADDOCK requires a set of ambiguous interaction restraints (AIRs) defining the 'active' and 'passive' residues at the macromolecular interaction interface. The MetR-DBD-LH structure was superposed onto the BenM-DBD-LH-DNA structure to identify potential active residues in the HTH motif of MetR-DBD (Table 3 ) that may interact with DNA. Active residues in the MetR DNA-binding site have been identified previously from DNase I protection footprinting experiments and verified by sitedirected single base-pair mutations (Byerly et al., 1991) . Passive residues in MetR-DBD-LH and the MetR DNAbinding site were defined as all solvent-accessible neighbours of active residues. The AIRs implemented in our docking simulations do not contain any residue-specific interactions at the MetR-DBD-DNA binding interface. The semi-flexible regions in the interacting macromolecules were defined automatically by considering all residues within 5 Å of 
Results and discussion
3.1. Structure determination of MetR-DBD-LH Classical MR was unable to solve the structure of MetR-DBD-LH. A variety of search models, the DBDs of LTTR homologues with significant sequence similarity, were tested using Phaser (McCoy, 2007) but no solutions were found (see Table 4 for detailed analysis). The structure of MetR-DBD-LH was eventually solved using phenix.mr_rosetta (DiMaio et al., 2011; Terwilliger et al., 2012; DiMaio, 2013) Table 3 HADDOCK parameters and settings for docking.
All other parameters and settings in HADDOCK were kept with default values.
Interface/access level Guru MetR-DBD-LH Active residues (coloured red)
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Figure 1
The electron-density map of MetR-DBD-LH.
2.16 Å resolution (Fig. 1) . For successful phasing by MR, the r.m.s.d. between the search model and target structures is suggested to be in the range 1.5-2 Å (Terwilliger et al., 2012) . Usually, the r.m.s.d. decreases when the search models have high sequence identity to the target structures (Evans & McCoy, 2008) . (Fig. 2b) , which would impede MR. Removal of the flexible regions in an attempt to improve the likelihood of successful MR phasing also failed, possibly owing to the fact that HTH motif alone comprises about only 45% of the overall scattering mass of the MetR-DBD-LH asymmetric unit. Successful phasing by MR required improvement of the search-model quality (optimization of side-chain and backbone coordinates) through multiple rounds of model rebuilding and electron-density map-guided refinement using phenix.mr_rosetta. The final best model from phenix. mr_rosetta (R cryst = 0.229 and R free = 0.319) and the densitymodified phases were used for further cycles of maximumlikelihood refinement in phenix.refine (Adams et al., 2010) and manual rebuilding in Coot (Emsley et al., 2010) , producing a final model with R cryst = 0.191 and R free = 0.235 ( Table 2) overall R cryst and R free values are slightly higher than the R factors in the highest resolution shell, possibly owing to the contribution of the high ammonium sulfate concentration from the bulk solvent, as reported previously (Phillips, 1980) . Of the 92 residues present in the construct (Table 1) , amino acids 1-88 were clearly resolved, but the last four residues had no visible electron density, probably owing to the flexibility of the C-terminus. The electron density for the side chains of Arg43, Arg51 and Lys52 was also poor, indicating that they are disordered.
Structure of MetR-DBD-LH
The MetR-DBD-LH crystals belonged to the monoclinic space group C2 and had a solvent content of 33%. The structure of MetR-DBD-LH contains a monomer in the asymmetric unit. Rotation about the crystallographic twofold rotation axis produces the biologically active MetR-DBD-LH homodimer ( Fig. 2a) with an antiparallel arrangement of the two protomers. The DBD (residues 1-59) adopts a wingedhelix-turn-helix (wHTH) fold consisting of helix 1 (residues 4-16), a turn (residues 17-18), helix 2 (residues 19-25), a second turn (residues 26-29), helix 3 (residues 30-44) and a large flexible loop or 'wing' (residues 45-59). The DBD is followed by a long LH (residues 60-85). Nonpolar residues on the LHs make extensive hydrophobic contacts that stabilize the dimerization interface, with a buried surface of 1261 Å 2 , similar to the surface area buried at the dimer interface of various other LTTRs (Ruangprasert et al., 2010) . In MetR-DBD, the N-terminal end of helix 1, the outer surface of helix 3 and the wing contain both positively charged and polar amino acids, suggesting that this is the DNA-binding surface (Fig. 2c, left view) . The hydrophobic core of the DBD consists of a cluster of ten leucine and three phenylalanine residues. Interestingly, four leucine residues (Leu19, Leu26, Leu33 and Leu40) of the hydrophobic core are spaced seven residues apart in the primary sequence, resembling a heptad repeat, which has previously led to the misassignment of this region as a leucine-zipper motif (Maxon et al., 1990) . In vivo sitedirected mutagenesis experiments on MetR had previously shown that a single mutant L33P or a double mutant L26S or L40Q lead to loss of the MetR activity (Maxon et al., 1990) . Our structure shows that Leu26, Leu33 and Leu40 are part of a strong hydrophobic interaction network that maintains the overall architecture and stability of the HTH motif.
A database search using the DALI server (Holm & Rosenströ m, 2010) identified the DBDs of LTTRs such as BenM, TsaR, CbnR, OxyR, CrgA, AphB and ArgP as the closest structural homologues of MetR-DBD-LH (Table 4) . This is expected given the sequence similarity between MetR-DBD-LH and its structural homologues (Fig. 2d) . A comparison of the structures of LTTR-DBDs shows that immediately following the HTH motifs is the wing connecting helix 3 and LH. Most LTTR-DBDs, except for BenM-DBD, contain a -hairpin in the wing region. MetR-DBD also lacks the -hairpin in the wing region, which is oriented similar to that in BenM-DBD. The crystal structure of the BenM-DBD-LH-DNA complex (PDB entry 4iht) was the highest DALI hit (Zscore = 13.6) for MetR-DBD-LH. The high structural similarity between MetR-DBD-LH and BenM-DBD-LH allowed us to use PDB entry 4iht as a reference structure to model the MetR-DBD-LH-DNA complex.
A model of the MetR-DBD-LH-DNA complex
In wHTH motif-containing transcription factors, helix 3 serves as the recognition helix that inserts into the major groove of the substrate DNA (Aravind et al., 2005) . In LTTRs, the length of the LH determines the relative position of the recognition helices (Schell, 1993) , and the crystal structure of the BenM-DBD-LH-DNA complex (PDB entry 4iht) is currently the only example of an LTTR bound to DNA (Alanazi et al., 2013) . The BenM dimer binds to a 25 bp DNA sequence in the operator region and recognize the consensus DNA sequence ATAC-N 7 -GTAT. In BenM, the recognition helices in DBD are separated by 28 Å (Fig. 3a) and interaction of BenM with its DNA substrate does not alter the backbone conformation of DBD but induces a 45-47 bend in the DNA, resulting in a subtle structural rearrangement of the DNA backbone to accommodate the recognition helices in the adjacent major grooves. DNase I protection footprinting experiments have shown that binding of the MetR dimer to its operator site protects 24 bp of DNA and recognizes the consensus DNA sequence 5 0 -TGAA-N 5 -TTCA-3 0 Leyn et al., 2014) . The high structural similarity between the MetR-DBD-LH and BenM-DBD-LH dimers (Fig. 3a) and the similarity of their substrate size suggest that the MetR-DBD-LH dimer would also induce a similar bend angle on binding to DNA. However, the variation in the base preferences in the half-sites of the BenM and MetR DNA-binding sequences suggests that MetR and BenM would utilize different amino acid-base contacts in their respective substrate major and minor grooves for sequence-specific DNA recognition.
To understand the molecular basis for DNA recognition by MetR, we modelled the MetR-DBD-LH-DNA complex using molecular-docking simulations in the data-driven program HADDOCK. The structure of the MetR-DBD-LH in the final docked model remained essentially identical to the starting model (r.m.s.d. of 0.6 Å over 176 aligned C atoms). The two recognition helices in MetR-DBD-LH are separated by 28 Å and our docked model shows that the two recognition helices of the MetR-DBD-LH dimer occupy consecutive major grooves of the DNA containing the palindromic recognition half-sites (TGAA and TTCA), while the wings make contacts in the minor grooves.
The MetR-DBD homodimer makes a total of ten base and 12 phosphate contacts with the DNA (Fig. 4) . The molecular surface of MetR-DBD at the DNA-binding interface of each monomer contain clusters of positively charged amino acids (Lys5 and Lys8 in helix 1, His27 in the loop after helix 2, His35 and Arg43 in helix 3 and Arg47, Arg51, Lys52 and Arg57 in the wing region; Fig. 2c Schematic representation of MetR-DBD-DNA interactions. Thin-lined rounded rectangles with arrowheads represent amino acids that make DNAbackbone contacts and thick-lined rounded rectangles represent amino acids that contact DNA bases. backbone of the DNA. Residues Lys5, Gln36 and Ser38 from the HTH motif and Arg47 from the wing region are equivalent to Arg4, Gln35, Gln37 and Gln46, respectively, in the BenM-DBD-LH-DNA structure (Alanazi et al., 2013) , which make similar hydrogen-bond interactions with the phosphate backbone ( Fig. 4) . Additionally, the dipole moment of helix 2 in MetR further stabilizes the interface by interaction with the DNA backbone.
In the BenM-DBD-LH-DNA complex, residues Ala28, Gln35, Gln37, Asn38 and Arg50 perform indirect readout of sequence-positioned phosphates (Alanazi et al., 2013) . The equivalent residues in MetR are Thr29, Gln36, Ser38, Asp39 and Arg51, respectively. Thr29 in both monomers is hydrogenbonded to the backbone phosphate groups of cytosine C17 (in TTCA) and thymines T16 0 and T17 0 in the complementary strand (Fig. 4) . Ser34 is well conserved in LTTRs (Fig. 2d ) and the C atom of Ser34 may recognize the methyl group of thymidine T6 (in TGAA), similar to the role suggested for Ser33 in BenM. Additionally, clamping of the DNA phosphate backbone of the BenM recognition site through hydrogen bonds from the hydroxyl O atom of Ser33 and the "-NH of Arg50 have been suggested to enhance the sensitivity of sequence readout (Alanazi et al., 2013) . Our model suggests that Ser34 and Arg51 would play similar roles in MetR. In our MetR-DBD-LH-DNA model Gln28 in monomer A hydrogen-bonds to thymine T16 (TTCA) in the template strand, but in monomer B it interacts with T17 0 in the complementary strand (Fig. 4) . Interestingly, other LTTR-DBDs contain a hydrophobic amino acid at this position ( Fig. 2d ), suggesting that Gln28 may play an additional role in the indirect readout of the operator sequence.
In the BenM-DBD-LH-DNA structure, Gln29, Pro30, Pro31 and Arg34 at the N-terminal end of the recognition helix 3 were identified as critical for making base-specific interactions with the operator recognition site (Alanazi et al., 2013) . The equivalent residues in MetR are Gln30, Ser31, Ala32 and His35, respectively (Fig. 3b ). Gln30 is a positionally conserved glutamine found in most LTTR proteins (Fig. 2d ) that recognizes the adenine base at position 5 in the major groove (see later). In BenM, the side chains of Pro30 and Pro31 provide a complementary surface for direct readout of the bases through tight van der Waals interactions by a mechanism which is poorly understood (Alanazi et al., 2013) . In MetR, Ala32 has similar hydrophobic characteristics to Pro31, whereas the polar side chain of Ser31 differs from Pro30, producing different DNA contacts within the major groove (Fig. 3b) . Interestingly, the amino-acid sequence QSALSHQ in the 3 helix of MetR is very similar to another LTTR protein, NoIR, of the ArsR/SmtB family, which contains the amino-acid sequence QSALSQH in the DNArecognition helix (Fig. 3c) in the major groove and mutation of these amino acids resulted in a loss of DNA binding (Lee et al., 2014) . In the MetR-DBD dimer Gln30 makes a hydrogen-bond interaction with the N7 atoms of adenosines A5 and A5 0 , and Ser31 interacts with the N7 atom of A18 in the template strand (TTCA) and the N4 atom of C19 0 , the complementary base to guanosine G7 in the template strand (TGAA; Fig. 5a ). Thus, our MetR-DBD-LH-DNA model shows that most of the base-specific contacts in the major groove come from Gln30, Ser31 and Ser34, which directly interact with nucleotides ( Fig. 5a ) located at the outer ends of the operator recognition site. This result corroborates previous findings that sitedirected mutagenesis of the bases at the outer ends of the palindromic recognition half-sites drastically reduce MetR binding (Byerly et al., 1991) .
His35 in MetR could be a critical determinant of operator site recognition as it occupies a position similar to Arg34 in BenM and Gln61 in NoIR (Figs. 3b and 3c) . A comprehensive structural analysis of DNA-binding proteins has shown that histidine side chains make bifurcated hydrogen-bond interactions, mainly with guanine, and van der Waals contacts by ring-stacking interactions to differentiate thymine from cytosine, thereby providing some degree of specificity through direct and indirect readout mechanisms (Luscombe et al., 2001; Rohs et al., 2010) . In our MetR-DBD-LH-DNA model, the imidazole ring of His35 fits snugly into the major groove in a position to make base-specific contacts through hydrogenbond and van der Waals interactions (Fig. 5b) . The O4 atoms of thymines T16 and T17 0 are hydrogen-bonded to His35 N 1 in monomers A and B, respectively, which orients the His35 imidazole ring to provide a geometrically complementary surface for making van der Waals contacts with the edges of the bases of each DNA half-site lining the major-groove floors and walls.
Structural comparison between the apo DBDs of CbnR, TsaR and BenM and the BenM-DBD-LH-DNA complex shows that Glu40 and Arg50 in BenM-DBD are critical for positioning of the wing to contact the DNA (Alanazi et al., 2013) . In the MetR-DBD-LH structure the conserved residues Glu41 and Arg51 occupy equivalent positions (Fig. 5c ). Lys52 at the tip of the wings probes the minor groove to make basespecific contacts and van der Waals interactions with the neighbouring base pairs (Fig. 5d ). In particular, N " of Lys52 in both subunits makes a single hydrogen bond to the exocyclic O2 of two cytosines, C4 and C22. A comprehensive structural analysis of protein-DNA complexes showed that positively charged amino-acid side chains in the wing region frequently recognize sequence-dependent variation in the minor-groove shape and electrostatic potential (Rohs et al., 2009) . Structurebased sequence alignment shows that His35 and Lys52 in MetR are not highly conserved among other LTTRs (Fig. 2d ), suggesting that their interactions with the major and minor groove, respectively, may be important for operator site discrimination by MetR.
Our model of the MetR-DBD-LH-DNA complex shows how promotor recognition is achieved by a combination of direct base readout and indirect readout of the shape of the major groove. It also suggests that binding of the DBD is sufficient to induce a bend in the DNA. Structural studies of other LTTRs (Ezezika et al., 2007; Ruangprasert et al., 2010; Zhou et al., 2010; Taylor et al., 2012) provide evidence that the binding of small effector molecules to the EBD triggers conformational changes in the protein that alter the LTTR structure from an inactive to an active state. This adjusts the relative positions of the DBDs with respect to each other, which could be expected to alter the local conformation of the DNA, but currently no structure of a full-length LTTR bound to DNA is available to confirm this. It is also unclear whether activation of transcription is a direct result of the change in conformation of the protein, the DNA or both, and further investigation is required to fully understand how gene expression is modulated by this important class of transcription factors.
